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Abstract 
In July 2009 a full-scale mid-rise light-frame wood apartment building was subjected to a series of earthquakes at the 
world’s largest shake table in Miki, Japan.  This paper focuses on (1) the design and construction of this 1350 m2 full-
scale building, and (2) the performance of the building at three different ground motion intensities.  The test results of 
the six-story light-frame wood building are examined in detail.  The objectives of the testing program were to (1) 
demonstrate that the performance-based seismic design procedure developed as part of the U.S.-based NEESWood 
project worked on the full scale building, i.e. validate the design philosophy to the extent one test can; and (2) gain a 
better understanding of how mid-rise light-frame wood buildings respond, in general, to a major earthquake while 
providing a landmark data set to the seismic engineering research community.  The building consisted of 1350m2 of 
living space and had twenty-three apartment units; approximately half one-bedroom units and half two-bedroom units.  
The building was subjected to three earthquakes ranging from seismic intensities corresponding to the 72 year event 
to the 2500 year event for Los Angeles, CA.  In this paper the construction of the NEESWood Capstone Building is 
explained and the resulting seismic response in terms of base shears, selected wall drifts, global inter-story drifts, 
accelerations, hold-down forces, and roof drifts are presented.  Detailed damage inspection was performed following 
each test and those results will be summarized also.  The building performed excellently with little damage even 
following the 2500 year earthquake.  The global drift at roof level was approximately 0.25 meters and maximum 
inter-story drifts were approximately 2% for the floor average with individual wall drifts reaching just over 3% in one 
corner of the building at the fifth story.  
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1. INTRODUCTION
Light-frame wood buildings represent the vast majority of the building stock in North America.  Most of 
these types of buildings are single- and multi-family dwellings with a moderate percentage being light 
commercial construction. Over the last decade progress has been made to better understand the seismic 
response of light-frame wood buildings. These advances have, in turn, resulted in the evolution of 
building codes for these types of buildings.  Specifically, the move toward performance-based seismic 
design (PBSD) for light-frame wood buildings necessitates that wood frame buildings be accurately 
modeled during seismic loading.  In turn, accurate modeling requires either a fully mechanistic or 
constitutive understanding of the components, sub-assemblies, and their interaction to form a complex 
structural system. 
The NSF-funded NEESWood Project was a four-year, five-university project whose objective was to 
develop a performance-based seismic design philosophy for mid-rise woodframe construction.  The 
project began in 2005 and, by the end of 2006, the benchmark testing of a two-story house had taken 
place at the University at Buffalo’s SEESL shake table facility.  This test included several shear walls 
designed with fluid dampers during one phase of testing.  A series of sub-assembly tests on shear walls 
with toggle-braced damping systems followed in 2008.  From 2005-2008, non-linear time history analysis 
software was developed that was based on existing concepts and software, and improved upon as part of 
the NEESWood effort.  This software package, called SAPWood (Pei and van de Lindt, 2007), had the 
dual purpose of being a research and design tool for later testing within the project as well as being 
available for use by practitioners.  It was extended to include six degrees-of-freedom at each story and tri-
axial excitation, as well as the inclusion of response modification devices such as base isolation.  From 
2006-2008, the Direct Displacement Design (DDD) approach (Pang and Rosowsky, 2007) was extended 
to multi-story woodframe buildings, which is a key outcome of the project.  The DDD approach was also 
extended for application to woodframe buildings with sliding seismic isolation systems.  In addition, the 
potential for enhanced performance of woodframe buildings was evaluated via shaking table tests of a 
half-scale base-isolated two-story building.  From 2007-2009 the effect of design code changes on 
societal risk were investigated within the project by using Los Angeles, CA as a test bed.  Finally, in 
order to validate the DDD approach, the world’s largest shake table test was conducted at Japan’s E-
defense laboratory in collaboration with numerous researchers and industry participants from the U.S., 
Japan, and Canada.  The 1350 square meter (14,000 sq ft), six-story building was designed using the 
DDD concept, the development of which was completed in 2008.  Shear transfer and continuous steel rod 
holdowns were designed based on a specified non-exceedance probability using SAPWood simulation 
results. The building, termed the Capstone building, was subjected to three levels of seismic intensity 
including a design-basis earthquake (DBE) and a maximum credible earthquake (MCE).  
2. Testing objectives 
The NEESWood Capstone tests at E-Defense had three (3) major objectives: (1) To confirm that a 
representative mid-rise woodframe structure designed using the NEESWood PBSD philosophy satisfies 
the performance objectives, as pre-defined during the design process.  These performance objectives are 
under development and seek to limit damage and losses while protecting life safety; and (2) Provide a 
general understanding of the behavior of a mid-rise woodframe structure similar to those currently in 
place in the Western U.S. and provide a full-scale data set for verification and calibration of nonlinear 
dynamic models. 
3. Construction 
Construction of the NEESwood Capstone building took exactly four months.  A steel moment frame was 
added initially under the six-story woodframe building as a design option for light commercial space for 
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the woodframe building. The frame also played an important role as a space truss for lifting of the 
specimen.  Thus the very first step of the construction process was to erect the steel frame as the first 
story of the building. The steel frame was designed by Simpson Strong-Tie with collaboration by the 
CSU project team and pre-fabricated under the supervision of Simpson Strong-Tie in California. The 
erection of the frame was completed in 10 working days at the designated location in the corner of the E-
defense laboratory with the final lifting plan considered.  Once the steel moment frame was completed, a 
6x6 nailer was bolted onto the top of the moment frame beams to provide a surface for the wood 
construction. Then, a 2x6 layer was applied to cover the top of the steel column. All nailers were cut and 
left out at the locations where the ATS rods attached to the top flange of the steel beams. The floor system 
for the first story wood frame building was placed on the nailers, with shear transfer between the floor 
and the base secured by specially designed bolted plate connections. The steel moment frame with nailers 
attached is shown in Figure 1.  Also shown in the figure was the connector designed for the wood-steel 
interface.   
Figure 1.  Completed steel frame and steel-wood connection detail 
The design of the building was not based on an existing design code but rather through the performance-
based seismic design method developed in the NEESWood project combined with numerical simulation 
using SAPWood.   However, the construction of the wood frame stories was similar to a typical 
construction process in North America. The difference between the Capstone structure and a typical 
multi-story wood frame building in essence lies in the shearwall configuration and the detailing. 
Shear walls in Capstone building used mostly 2x6 framing. The nail schedule was mostly 50mm/300mm 
or 75mm/300mm in the lower floors. Some of the walls were also sheathed on both sides (double sided) 
with OSB. Incorporation of a new wall type was also investigated in the project.  A double Midply wall 
system designed to handle high shear demand that exceeds the capacity of traditional shear walls was 
included. Also because of the high shear capacity of shear walls, high strength shear screws were used at 
the top and sill plates of the shear walls instead of bolts. These SDS screws had a tested ultimate capacity 
of approximately 4.5 kN per-connector in shear.  The mid-ply wall is shown in Figure 2 in the top right, 
and some construction sequence photos are also shown.  
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Figure 2: Construction of shear wall systems in Capstone building with the double Midply wall shown top, right 
Some of the shear walls in the lower stories had very substantial compression stud packs consisting of 
numerous 2x6 studs lumped together at the ends surrounding the hold-down runs as shown in Figure 3. 
These studs were designed to resist the compressive load induced by the racking behavior of shear walls 
as well as gravity. Some of these stud packs interfered with the installation of shear connectors on the top 
and sill plates of the shear walls. In order to resolve this conflict, some of these stud packs were installed 
via toe nailing after the walls were erected in place with the top and sill shear connectors already installed. 
Figure 3: Compression stud packs in bottom wood story shear walls 
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4. Testing and results 
The NEESWood Capstone test specimen represents the largest building ever tested on a shake table.  It 
was instrumented with over 300 channels of strain, deformation, and acceleration measurements using a 
high speed data acquisition (DAQ) system at Japan’s E-defense.  Because of the size of the building, it 
was not possible to find a fixed reference to instrument the absolute displacements of the structure, i.e. a 
frame beside the shake table. Therefore, an optical tracking measurement system was employed in the test 
program to capture the building movement with 50 LED light markers attached to the exterior of the 
building at each diaphragm level. The location of these markers is shown in Figure 4. There were no 
markers on the back side of the building due to camera limitations. 
White noise excitation was input in each direction of the building in order to identify the natural periods 
of the specimen before and after each seismic test.  There was no significant change in the building 
fundamental period between shakes within the test program. The natural period of the building was 
approximately 0.41 sec prior to any testing and increased to 0.49 sec after the MCE level earthquake, 
showing some softening, i.e. light damage, following the earthquake.  This magnitude of change in the 
natural period indicated that the damage to the building was quite limited, which was confirmed 
following the post-shake damage assessment. The building period under the white noise excitation in both 
directions agreed well with one another indicating a similar stiffness for both directions, which was 
consistent with the performance-based seismic design approach which was intended to provide the same 
stiffness and strength in both directions for the specimen. 
Figure 4: LED sensors for optical tracking of absolute displacements on the exterior of the specimen 
The averaged displacement at the centroid of the floor diaphragm can be estimated based on the 
measurements from seven optical tracking markers for each floor. The maximum roof displacements 
relative to the shake table were measured to be 60mm, 140mm, and 211mm for seismic intensities 1, 2, 
and 3 respectively. The maximum displacement occurred in the long direction of the floor plan, namely 
the Y direction. Due to the presence of torsion, the maximum inter-story drift of some shear walls at the 
upper levels near the building corners slightly exceeded 3% during the level 3 seismic test. 
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Inter-story drift is often used in displacement based procedures to evaluate the performance of a wood 
frame building. The resulting inter-story drift of the Capstone building was calculated by subtracting the 
absolute displacement measurement between stories and dividing the value by the story height. The 
maximum values for the average inter-story drift occurred at the fifth story and was 1.88%.  Figure 5 
presents the response time histories in the X and Y direction at all three seismic intensity levels for the 
first story as well as for the story that had the largest transient drift. Interestingly, the maximum drifts 
were observed in the upper stories instead of the bottom story, which was, in fact, consistent with 
numerical model predictions performed prior to testing.  
Figure 5. Time history plots for the average inter-story drifts 
As mentioned earlier, the damage to the test specimen from the three seismic tests was not felt to be 
significant even for the 2500 year (MCE level) earthquake. There was no visible damage to any structural 
components or assemblies of the building, with damage limited to the gypsum wall board (GWB).  The 
GWB damage was observed primarily around the corners of openings as illustrated by the post-shake 
photographs in Figure 6. The damage and its correlation to inter-story drifts will be presented in its 
entirety in a forthcoming paper by several of the authors and can be found detailed in the report by Pei et 
al. (2010).
5. CONCLUSIONS 
It can be concluded from the Capstone test results that the performance-based design procedures 
developed in the NEESWood project can be applied to mid-rise light frame wood buildings in seismic 
regions to ensure life-safety and provide damage control. The pre-defined drift limits for the Capstone 
building were satisfied during the test, verifying the effectiveness of the DDD procedure in drift control. 
The comparison of seismic test response and the SAPWood programs numerical results indicate the 
usefulness of the numerical tool developed within the NEESWood project for mid-rise wood frame 
buildings seismic response prediction. In addition to conclusions related to major objectives, numerous 
design and construction details of the Capstone building that are critical to performance during major 
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earthquakes also represent a substantial design contribution to the future of mid-rise wood frame design 
and construction practice. 
Figure 6. Typical damage observation around wall openings 
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